Frozen ground characteristics resolved by annual, seasonal/monthly and daily electrical resistivity monitoring are presented based on case studies from three alpine sites in the Swiss Alps with different surface conditions and subsurface process dynamics. Data acquisition is achieved by different set-ups ranging from low-cost to automated and more expensive monitoring strategies. To ensure the reproducibility of measurement results a robust setup is required within the rough surface conditions of alpine environments, and this constitutes a fundamental precondition for time-lapse measurements.
INTRODUCTION
Frozen ground is a widespread phenomenon in alpine and arctic/ subarctic cold environments where permafrost-affected geomorphic processes have a significant influence on landscape evolution. Permafrost is thermally defined as subsurface material that remains below the freezing point for at least two consecutive vadose zone (e.g., Daily et al. 1992; Binley et al. 2002; Michot et al. 2003; Deiana et al. 2007) , snowmelt (French and Binley 2004) , solute and saltwater transport (e.g., Kemna, Kulessa and Vereecken 2002; Tsourlos et al. 2003; Cassiani et al. 2006; Leroux and Dahlin 2006) , quantification of soil water content in flood-protection dikes (Rings et al. 2008) , detection of internal erosion at embankment dams (Sjödahl et al. 2008) , or the monitoring of aquifers and hydraulic processes that takes place therein (e.g., Kuras et al. 2009; Wilkinson et al. 2010) . Likewise, electrical resistivity tomography monitoring (ERTM) approaches have been able to detect temporal variations on diverse timescales in frozen ground (Hauck 2002; Kneisel 2006; Hilbich et al. 2008; Kneisel 2010; Hilbich, Fuss and Hauck 2011) and frozen rock walls (Krautblatter and Hauck 2007; .
We present data and results from three alpine sites with different surface characteristics. Changes in frozen ground conditions are derived from electrical resistivity monitoring data with different temporal resolution (manual and automated measurements) and thus enable the investigation of time-dependent processes. The main aim of our research is to detect the short-term, seasonal as well as the long-term permafrost evolution, and to gain a better understanding of time-dependent interdependencies tigation methods to resolve the shallow subsurface conditions. In this regard, geophysical methods have been widely used to characterize areas of perennially frozen ground and locate ground ice (cf. Hauck and Kneisel 2008 and references therein) . Their successful application within cold environments is based on changes in physical properties that occur following the phase transition from an unfrozen to a frozen state (e.g., Scott, Sellmann and Hunter 1990; Kneisel et al. 2008) .
Permafrost problems resolvable by geophysical techniques include a) the measurement of subsurface geophysical properties to infer permafrost conditions and the physical properties of frozen ground, b) the study of the spatial distribution of subsurface geophysical properties through geophysical mapping for delineating the active layer, permafrost thickness, and taliks, and c) the assessment of spatio-temporal changes in subsurface geophysical properties due to permafrost cooling, warming, aggradation or degradation through geophysical monitoring (i.e., time-lapse measurements, Kneisel et al. 2008) .
A substantial increase in the understanding of subsurface processes was gained in different environmental disciplines based on electrical monitoring data. The main goals were the observation of spatio-temporal process rates such as infiltration of water in the have been conducted each summer with several measurements during the snow-free period each year.
Brüeltobl study site
The investigated site below the timberline (47°16′37″ N, 9°27′41″ E, Fig. 1c ) is situated in the Brüeltobel, a steep V-shaped valley located in the Säntis mountain range (north-eastern part of the Swiss Alps) at an altitude between 1200 and 1240 m a.s.l. The northwest-exposed talus slope is located at the orographic right side of the valley. With an area of less than 100 × 70 m the supercooled area is rather small. The talus slope consists of angular debris (< 20 cm in diameter) derived from the steep, almost vertical rock wall (limestone/Schrattenkalk) above the scree slope. The gradient between MAAT ~3.5°C and mean annual temperature in the humus layer of only 0.2°C (at 30 cm humus depth) is exceptionally high at this site. The most striking feature of this site is the vegetation and surface composition. The lower part of the scree slope (1200−1220 m a.s.l.) is wooded with spruce trees (Picea abies) showing a distinct dwarf growth which is in contrast to most parts of the Brüeltobel, where trees show a normal growth pattern. In this lower part of the slope the up to 50 cm thick humus layer is consistently covered with moss. Above (1220−1230 m a.s.l.) an area with uncovered debris follows. Below the rockwall (1230−1240 m a.s.l.) a third area can be designated, with various -normally grown -deciduous trees and a consistent grass cover (Carex ferruginea) in the undergrowth.
Even though the Brüeltobel site with its exceptional thermal regime has been known for a while (Felber 1884; Bächler 1930; Furrer 1966) , research on the verification of the existence of permafrost or frozen ground is restricted to the work by (Wegmann 1995) . In summer 2009 a number of temperature data loggers were installed at the study site for investigating the ground surface thermal regime. Prior to the installation of the ERTM at the Brüeltobel site, two-dimensional (2D) measurements using ERT and seismic refraction tomography (SRT) in joint application were conducted to cofirm the existence of frozen ground, and for characterizing the ground-ice occurrence. The ERTM approach with measurements every 4−8 weeks tries to focus on both the seasonal as well as the long-term evolution of frozen ground characteristics at this site below the timberline.
Murtèl study site
The Murtèl/Corvatsch area (46°25′04″ N, 9°48′21″ E, Fig. 1d ) is located about 15 km south-east of Val Muragl. MAAT at a nearby climate station at rock glacier Murtèl is about −2°C. In summer 2010, ERT monitoring at the orographic left lateral moraine of the N/NW-exposed glacier forefield of Vadret dal Murtèl (2680 m a.s.l.) was installed. Here a small rock glacier with observable flow pattern (furrows and ridges in its lower part) creeps into the lateral moraine of the Little Ice Age glacier extent. The surface of the rock glacier area is covered by larger stones and boulders of > 0.5 m in diameter, whereas the surrounding moraine consists of diamicton with coarse sand/gravel between surface and subsurface processes. Special emphasis is given to the impact of fluctuating surface and subsurface temperatures affecting the frozen ground characteristics. On the basis of three case studies, technical pitfalls and advances in application are highlighted and discussed.
FIELD SITES AND PREVIOUS STUDIES
The Upper Engadin (southeastern Swiss Alps, Fig. 1a ) is a high mountain valley characterized by an inner-alpine, continental climate. Comparatively low precipitation and high incoming radiation do not allow for a pronounced glaciation, but enable permafrost to exist at higher altitudes (> 2500 m a.s.l.) and sporadically even below the timberline. Here, two sites (Muragl and Murtèl) were chosen for the investigation of permafrost dynamics and active layer processes. A third study site is located in the Northern Alps (Brüeltobel), a supercooled scree slope at 1200 m a.s.l.
Muragl study site
The Muragl glacier forefield (46°30′15″ N, 9°56′30″ E, Fig. 1b ) extends in elevation from 2650 to 2900 m a.s.l. In the upper part of the cirque, from 2900 to 3080 m a.s.l., a remnant of the former Muragl glacier exists. Temperature measurements in three shallow boreholes have shown that the Muragl glacier remnant consists of slightly cold ice (−0.5 to −1°C) (Kneisel, Haeberli and Baumhauer 1997) . For the altitudinal range of the NW-exposed glacier forefield a mean annual air temperature (MAAT) of −2 to −4°C can be inferred from two nearby mountain climate stations at 2300 m a.s.l. (−0.3°C, Bernina pass) and 3300 m a.s.l. (−6°C, Corvatsch summit). The bedrock consists of gneiss and mica schists. Owing to often small-scale spatial variability of surface textural characteristics, recently exposed glacier forefields at high altitude are favourable environments to study the heterogeneous alpine permafrost distribution and characteristics often influenced by complex glacier-permafrost interactions. The Muragl glacier forefield represents such a highly complex glacial and periglacial landform with small-scale heterogeneity of surface and subsurface characteristics consisting of a push moraine, creeping permafrost, and permafrost-free glacial till in close proximity. The abandoned glacier forefield has been extensively studied during the last decade using a variety of methods (geomorphological mapping, geoelectrical mapping and monitoring, temperature data logging, photogrammetrical measurements, cf. Kneisel 2010 and references therein). Two shallow boreholes were drilled in summer 2006 and instrumented with temperature sensors; one at a site with coarse-grained glacial till and the second at a site with fine-to medium-grained glacial till. The temperature data within the borehole at the monitoring site presented in this contribution, consisting of fine-to medium-grained glacial till, shows an active layer depth of 5 m and permafrost temperatures between −0.2 and −0.7°C at 8 m depth. At the coarsegrained site the active layer is markedly thinner (2 m) and the permafrost temperature reaches −0.85°C at 8 m depth. Since 2005, electrical resistivity tomography (ERT) measurements 2011, the ERTM at the Murtèl site was automated with a Geotom 100 (Geolog). Different array types were measured depending on the ground conditions on-site (Table 1) . In this study, results from Wenner and Wenner-Schlumberger surveys are presented since they have the highest signal-to-noise ratio, and data quality was superior especially in winter compared to dipole-dipole surveys.
At Val Muragl, representing the pilot study site, only the electrodes were fixed permanently in the ground (Fig. 2a) and measurements were conducted each summer during the snow-free period since 2005. This multi-annual data record is regarded to be very useful in the assessment of permafrost stability/instability to atmospheric warming.
At the Brüeltobel site, a fixed array based on a self-made cable construction with a plug-in connection was installed in summer 2009. The cable construction allows for year-round accessibility even in winter under thick snow cover. To perform the measurements, the resistivity meter has to be carried and connected to the monitoring array. As far as possible, all transitions were soldered as contact resistances are created using terminals or screw joints. To minimize the effect of corrosive water, impermeable and electrically-insulating adhesive tape was used to protect transitions against moisture and, in the case of buried cable/electrodes, against the soil solution. The monitoring set-up in the Brüeltobel with an electrode spacing of 1.8 m is attributed to the small extent of the study site and constitutes a trade-off between the targets of resolving the shallow active layer/permafrost table as well as dimension sizes and conditions of the ground-ice body.
The monitoring was measured using both the Wenner and the dipole-dipole array. However, due to the strong resistivity contrasts of the surface, substrates with the conductive moss/humus layer in the lower and uppermost parts, and the highly resistive uncovered debris in the central parts of the talus slope, the more as fines and intercalated stones. Prior to the installation of the monitoring survey line, the subsurface of the rock glacier was intensively mapped with numerous parallel and perpendicular ERT profiles that were finally inverted as one data set in a 3D manner (Rödder and Kneisel 2012) . The outcome of this study is a subsurface model that clearly shows the general outline of the permafrost body within the rock glacier and the prominent differences in ground resistivity between a high-resistivity core (~300 kohm.m) and the non-frozen, less resistive morainic material (~2 kohm.m). Additionally, a 10 m borehole penetrates the margin of the rock glacier, and thermistors at various depths yield information on the thermal regime within the ground. Underneath a 2 m thick active layer temperatures are below the freezing point throughout the year with coldest temperatures recorded at 5 m depth (−0.5°C). Based on these previous results, the ERTM profile was installed across the borehole position at the Murtèl site to yield complementary data, both from the thermistor readings as well as from the geoelectric measurements.
The most interesting periods in terms of hydrological and thermal dynamics in the active layer were expected to coincide with the onset of snowmelt in spring and the refreezing of the active layer in autumn. As a consequence we aimed at a high temporal resolution with ERTM being measured daily and temperature loggers recording in a one hour interval to enable analyses of changes and processes within the rock glacier that occur on a short timescale (daily/weekly).
INSTRUMENTATION, DATA ACQUISITION AND PROCESSING
In general, all presented monitoring systems are based on the use of 36 stainless steel electrodes (40 cm length) with site-specific electrode spacing. Measurements were conducted using a Syscal Junior Switch resistivity meter (Iris Instruments). In February with the software package RES2DINV (Loke and Barker 1995; Loke, Acworth and Dahlin 2003) using the robust inversion scheme (L1-norm). To reduce side block effects and the susceptibility to artefacts at the edges, resistivity models were calculated using an extended model with additional model blocks at both sides and beneath the original data array. These areas are shaded in the tomograms to prevent overinterpretation of areas with low data coverage. Additional tomograms were calculated as the percentage difference between inverted data sets using the software GEOPLOT (Geometrics). Geophysical subsurface properties strongly differ between the study sites, as an effect of the composition of the substrate with divergences in talus size, amounts of fine-grained material, ground-ice contents, and temperatures. Therefore, site-specific adjustments were made to contour intervals and colour scales, with bluish colours representing permafrost or frozen ground. Boundary resistivity values for frozen/unfrozen ground are derived from borehole temperature data, complementary geophysical measurements, and knowledge of the site-specific geomorphological and lithological conditions. Along virtual boreholes, specific resistivity values were extracted to yield 1D resistivity depth sections.
CASE STUDY I: MULTI-ANNUAL CHANGES IN DISCONTINUOUS MOUNTAIN PERMAFROST: MURAGL
At the Muragl site, monitoring set-ups using two different spacings (1 and 2 m) were measured to resolve the frozen ground dynamics in this part of the glacier forefield. The multi-annual development of the ground conductivity with a focus on the robust Wenner array provided more consistent data than the dipole-dipole array that is more prone to noise.
In August 2010 a monitoring system of identical construction to that at Brüeltobel, with the exception of 2 m electrode spacing, was installed at the Murtèl/Corvatsch site. During the following 6 months, the monitoring was measured five times manually before an automated system was installed (Fig. 2c) . The measured data are transferred wirelessly via directional antennae from the field site to the summit station (3303 m) of the Piz Corvatsch cable car (Fig. 2d) . Here, a computer enables communication with the resistivity meter and stores the incoming data. Power supply is obtained from 12 V batteries that are recharged with a solar panel. A detailed technical description of the Geotom measurement system is given in Hilbich, Fuss and Hauck (2011) , who use an analog system.
In this study, data from the automated monitoring period between March and June as well as the five data sets measured manually prior to the automatization are presented. On several days the actual measurement was stopped when the communication between the resistivity meter and the computer failed. The heavy snow load in winter (> 3 m) caused damage at the connection between two electrodes and the main cable that could not be fixed until snow had finally melted. A heavy thunderstorm and lightning strike into summit station Corvatsch led to a total power failure in June 2011 leading to a larger data gap. Because of these technical pitfalls, we focus on the melting period in spring 2011 that is represented by 58 complete data sets. Prior to inversion, the apparent resistivity data sets were quality checked manually, and bad datum points (standard deviation > 3%) and outliers were removed. All data sets were inverted As a consequence, these comparatively high-resistivity changes have to be interpreted with care. In addition, the orange-red colours representing the active layer indicate consistently non-frozen conditions and absolute changes in resistivity values are comparably small (1−2 kohm.m). Although resistivity values dropped in the centre of the permafrost body between 2005 and 2009, so far no deepening of the active layer has been observed. This may be attributed to an ice-rich zone at the top of the permafrost that effectively dampens a prominent rise in temperature due to latent heat effects (Shur, Hinkel and Nelson 2005) (cf. more detailed explanation of active layer processes in case study III).
The consistency of the active layer thickness as observed from ERTM is supported by temperature data measured between 2006 and 2011 that locate the maximum depth of the active layer slightly above 5 m (Fig. 4a) . Below that depth a cooling within the permafrost body is noticeable. While temperatures at 7 m decreased by 0.3 K between 2006 and 2011, and even by 0.5 K at 8 m depth, no significant change in resistivity values is obvious. To exclude that this observation is basically related to the absence of measured data points below a depth of about 4 m at the borehole location if looking at the 1 m ERTM, results from the 2 m ERTM set-up are displayed additionally that have sufficient data coverage at the borehole uppermost part -the active layer -by means of electrical resistivity tomography with 1 m electrode spacing is shown in Fig. 3 . The borehole instrumented with a thermistor chain for direct temperature observation is located at horizontal distance 5.5 m of the 1 m ERTM transect.
Data from ERTM measurements show a low-resistive layer (< 5 kohm.m) at the shallow subsurface (Fig. 3) . Below this unfrozen active layer the permafrost table is apparently uneven with a depth of about 3−5 m and highest resistivity values above 20 kohm.m. As seen in the five resistivity tomograms, the general pattern of subsurface resistivity distribution is fairly stable and well reproducible from year to year. Nevertheless, there is a trend towards absolute resistivity changes in the centre of the highresistivity anomaly. tary information from borehole temperatures, however, indicate the presence of frozen ground conditions at the borehole location beneath 5 m depth. This depth corresponds to resistivity values at and above 10 kohm.m, which are indicative of frozen ground at this site. As shown in the tomogram in Fig. 5 , the borehole is located in-between two distinct high-resistivity anomalies in an area where the active layer is thickest.
CASE STUDY II: SEASONAL DYNAMICS WITHIN A SUPERCOOLED SCREE SLOPE: BRÜELTOBEL
Results from year-round ERTM at this supercooled talus slope below the timberline are presented in Figs 6 and 7. 2D sections The seasonal variability of the subsurface resistivity distribution at the Brüeltobel has proven to be extremely high. Therefore, difference tomograms were referenced for consecutive measurements to better illustrate the seasonal variability. The whole measurement period is shown as the median of inverted specific resistivity values for specific sections of the tomograms as well as for the whole data sets (black dots) in Fig. 7 .
The talus slope can be subdivided into five consistent regions (cf. Fig. 7a ) based on geophysical data, geomorphological knowledge of the study site, and shallow excavations (cf. site description). Fine-grained material (range 1 in Fig. 7a) with resistivity values lower than 3 kohm.m is located at the top and the foot of the slope (0-8 m and 48-63 m). The central part of the study site is divided into an area characterized by a thick humus/moss cover (8-~32 m, range 3) and uncovered, loose talus material between ~32-~47 m (range 2). The subsurface is characterized by two distinctly delimited areas defined as a permafrost body (range 4) and unfrozen matrix material (range 5).
The most striking feature shown in Figs 6 and 7(b) is the extremely divergent evolution of resistivity values in the subsurface throughout the measurement period. While resistivity values of the matrix (range 5) and the areas at the top and the foot of the being involved in the process. Geophysical properties of the active layer -consisting of humus and moss with a high water storage capacity -are less influenced by short-term precipitation events. Contact resistance remains constant for this area during the snow-free period of the year. Resistivity values are low between August and September compared to the uncovered talus but show a rapid response to the cooling towards December (Fig. 6) , which can be ascribed to the high thermal conductivity of the soaked humus/moss material that results in a rapid freezing of the active layer. Figure 7(b) shows a distinct increase in resistivity values of the active layer for October 2009 (depth slice not shown in Fig. 6 ), which can be ascribed to a short cold snap during this period as recorded by ground surface temperature measurements (not shown here).
Between December 2009 and February 2010, resistivity values show a distinct increase of far more than 300% for ranges 2, 3 and 4, while values for range 1 and the matrix are almost constant. Regarding the median of resistivity values of the defined areas (2, 3 and 4 in Fig. 7b ) for the period between December 2009 and May 2010, values of the active layer increase earlier and to a higher magnitude than the uncovered talus and the permafrost body. Maximum values are highest for the active layer -1250 kohm.m -compared to 300 kohm.m for the uncovered slope (range 1) show comparably low inter-annual variations, values of the uncovered talus (range 2), the active layer (range 3), and the frozen area (range 4) -referred to as permafrost, as this anomaly persists throughout the data acquisition period of more than 2 years -show a high variability with resistivity values increasing by more than 300% from < 20 kohm.m to almost 1000 kohm.m. However, the reliability of resistivity data for the matrix is questionable, as the data coverage at this depth section is low.
Analysing the resistivity values between August and December 2009 (cf. Figs 6 and 7b) , a contradictory evolution is apparent for the permafrost body, the active layer, and the uncovered talus. High-resistivity values of the uncovered talus are due to high amounts of air-filled cavities and the absence of finegrained material. Variations in geophysical parameters of the uncovered talus in this period can be regarded as a response to short-term precipitation events or dry phases before and during the time of measurement. Here a distinct increase in resistivity values between August and September 2009 ( uncovered talus is due to the thin and rapidly vanishing snow cover, allowing for a warming and drying of the talus. Heat storage capacity of the talus is comparably low due to the relatively small size of rocks, with < 20 cm diameter. Resistivity values of the active layer are strongly influenced by the high water storage capacity of the humus/moss material and water supply from melting snow, resulting in a prolonged zero curtain period (cf. explanation of active layer processes in case study III) of up to 3 months (mid-March to mid-June).
The rapid response of the permafrost body to seasonal temperature evolution reflects the most complex system, as its seasonal variability exceeds the variability of typical mountain permafrost sites, where resistivity variations are mostly restricted to the active layer and the margins of permafrost bodies (cf. case study I and III). This effect is caused by a reversible thermal circulation inside the talus slope whose activity is based on the temperature gradient between outside air temperature and temperature inside the talus material, the so-called chimney effect (Wakonigg 1996; Harris and Pedersen 1998) . It is assumed that the loose talus material -consisting of air-filled and connected cavities -behaves like a chimney, with vents at the foot and at the top of the slope. The humus layer seals the system towards the surface, preventing a continuous air exchange throughout the talus slope. The chimney effect at the Brüeltobel is illustrated in Fig. 8 for a period of 19 days in October 2009 by the temperature profile of the air temperature compared with the temperature in the lower and the upper vent, while the latter is constituted by the uncovered talus material in the upper parts of the slope. During the period from 1 to 12 of October (period I) the temperature profile in the lower vent is almost constant at around 3°C, while the air temperature and the temperature in the upper vent show a diurnal course ranging between 4 and 18°C. After 12 October (period II), the outside air temperature drops -with temperature in the lower vent following talus and 630 kohm.m for the permafrost body. This effect is in parts under-represented in the time series of depth sections (Fig. 6 ) due to the large range of resistivity values and the limited number of contour values with a maximum value of 60 kohm. Differences in maximum resistivities can be first of all explained by the divergent composition of subsurface material and the correlated response of geophysical properties to freezing as well as by the exposure towards cold air temperatures during winter. The snow cover in the area of the active layer is highly disturbed by dwarfed trees, resulting in a low insulation capability. As a consequence the active layer, consisting of soaked, thermally conductive humus and moss, freezes down to -8.5°C (coldest temperature, 17 February 2010, data not shown here), resulting in extremely high-resistivity values. The snow cover in the area of the uncovered talus usually shows a minor thickness due to the steep slope. The permafrost body consists of talus material and cavities filled with varying contents of air, finegrained material, and liquid/frozen water. The increase in resistivity values is most likely due to a distinct cooling of the permafrost body and is not affected by an increased ice volume. This interpretation is first of all based on the fact that the availability of liquid water during winter is limited. Higher values compared to the uncovered talus emphasize the assumption of different composition of subsurface material, with higher amounts of finegrained material and liquid water/ice but lower amounts of air in the cavities of the permafrost body. Resistivity values decrease rapidly in the subsequent measurements, though at a divergent rate. While resistivity values of the uncovered talus decrease towards baseline values (~16 kohm.m), within the subsequent measurement in March the magnitude of decrease is lower for the active layer and lowest for the permafrost body, where baseline values from summer 2009 are obtained in July 2010. A number of processes control these effects. Rapid response of the talus slope -causing an inflow of comparably warm air through the upper vent and a subsequent cooling on its way down through the slope effecting a warming and potentially a partial melting of the frozen ground. Temperatures in the lower vent following the outside air temperatures (period II) indicate an inflow of cold air -to values lower than 0°C, while the temperature in the upper vent fluctuates around 3°C. Period I represents the summer stage, with air temperatures exceeding temperatures inside the talus slope. The resulting circulation is attributable to an outflow of cold air through the lower vent -due to higher density of the air inside the FIGURE 9
Subsurface resistivity distribution on five dates between 17 March and 20 June with position of the borehole and corresponding time-lapse tomograms.
Capital letters A, B and C demarcate the three regions with distinct different subsurface properties as shown in Fig. 11(b) . 211 × 231 mm (300 × 300 DPI)
CASE STUDY III: SHORT-TERM ACTIVE LAYER DYNAMICS IN DISCONTINUOUS MOUNTAIN PERMAFROST: MURTÈL
The third case study seeks to investigate short-term processes within the active layer using an automated ERTM system with daily resolution. Figure 9 shows the evolution of measured ground resistivity values between March and June 2011, followed by a more detailed analysis of the melting period at the beginning of May in Fig. 10 . The first measurement (17 March) shows a high-resistive active layer (15−40 kohm.m) with a prominent subsurface anomaly (> 100 kohm.m) between horizontal distances 10 and 40 m representing a permafrost body. Compared with the next section (13 April) only a slight increase in resistivity values between 40 and 50 m is recognized. At that time snow cover was between 2 and 3 m. The first effects of the onset of melting snow can be observed on 6 May. Resistivity values are slightly reduced within the uppermost 2 m (5−30 kohm.m), especially between 32 and 42 m and between 55 and 70 m, which is the lower part of the monitoring line where the coarse rock glacier material mixes with finer morainic till. At the beginning of May the most interesting phase with the onset of the snowmelt (as registered from temperature measurements) is recorded. The fourth section (19 May) has a fundamentally changed pattern of ground resistivities. Within the active layer, values decrease from about 20 to 6 kohm.m indicating the transition from a frozen to an unfrozen state (see also Fig. 10) . Similarly, the high-resistive anomaly has values that decrease by about 50% (200 to 100 kohm.m). However, this central part of the rock glacier exhibits resistivity values well above the transition from the frozen to the unfrozen state for the whole year, as expected for a permafrost site.
into the lower vent and consequently a turnaround of the chimney effect, as the gradient between temperatures outside and inside the talus slope is reversed. Cold inflowing air is warmed on its way through the slope causing a cooling especially in the lower parts of the talus slope. The outflowing air at the upper vent is warmed to temperatures fluctuating around values of the air outflowing through the lower vent in period I. Taking a closer look at period I the temperature profile shows an increase to maximum values (~4°C) at 3 a.m. on 3, 4 and 5 October, while air temperatures decrease to a minimum at the same time, representing a short collapse of the chimney effect, as the gradient between inside and outside temperatures is minimal. The activity of the chimney effect is highest when temperature gradients are largest. During spring and autumn the effect is characterized by a regular reversal of the air flow direction.
The decrease in resistivity values in spring is not indicative of permafrost degradation but can rather be ascribed to an increase in the volumetric ice content. During snowmelt, the percolating meltwater refreezes in the form of coatings on the supercooled talus material. At the same time, the freezing effects release of latent heat and therefore an increase in temperatures within the permafrost body. As a consequence, the amount of unfrozen water, and therefore likewise the electrical conductivity, in the permafrost body increases.
During summer 2010 (Fig. 7b ) the median of resistivity values of the permafrost body only slightly decreases to ~11 kohm. mbut remains clearly higher than values of the matrix (~5 kohm.m), pointing to a year-round presence of frozen ground in the Brüeltobel. Resistivity values in winter 2010/2011 show a pattern similar to the previous year. However, as no measurements could have been conducted in February 2011, the assumed maximum resistivity values were not recorded. resistivity data constantly increase, probably at a constant rate. No detailed statement on short-term processes can be made until March because of the lack of a high-resolution monitoring system. Refreezing of the active layer had its largest impact most probably between October and November when air temperature was well below the freezing point. In contrast, the infiltration of meltwater in spring leads to a rapid decrease in resistivity values within a 10-day period.
As shown, the usage of an automated ERTM was able to resolve subsurface resistivity changes that occur on a timescale of a few days to one week. Thus, this method is well suited to the registration of short-term impacts, and increases the understanding of active layer processes in discontinuous mountain permafrost where coarse-grained, heterogeneous surface conditions are common. The thermal and hydrological processes that occur during winter within the active layer are shortly summarized in a conceptual model as shown in Fig. 12 .
DISCUSSION
The installation of a fixed monitoring set-up in the often rough terrain in alpine environments contained some difficulties that had to be taken into account to achieve an optimum in data quality and a high durability of the array. In particular, in areas where the cable cannot be buried (e.g., large boulders) the monitoring has to withstand a number of forces to ensure stable measurements throughout the year, as repairs are not possible during winter with snow thickness up to 3 m. Possible cable defects These interactions between freezing and resistivity change are especially notable at the margins of the permafrost body, while resistivity values at the centre are one order of magnitude higher (compare Fig. 9 ) and thus less sensitive to register phase changes within the pore space.
To delineate the reaction to the infiltration of meltwater for three distinct regions of this permafrost site, resistivity values were averaged corresponding to the classification in Fig. 9 (20 June 2011). These regions comprise the unfrozen debris of morainic material (A), the active layer (B), and the permafrost body (C). Mean daily air and ground surface temperatures are shown together with the mean resistivity values of the three regions in Fig. 11 . The melting period is characterized by temperatures of 0°C at the ground surface. There is not much change in resistivity values at the beginning of the zero curtain period (grey, dotted line 1). With a lowering of the snow height and positive air temperatures (~2°C), a drop in resistivity values (2) within the active layer is registered. The most dominant increase in conductivity occurs a few days later during a warm period with mean daily air temperatures above the freezing point (3 and grey shaded area that highlights the 2-week period shown in detail in Fig. 10 ).
Together with data from the manual measurements prior to the automatization, the evolution of subsurface resistivity can be viewed in detail. In particular, resistivity data recorded with high temporal resolution in combination with temperature data provide deeper insights into subsurface thermal and hydrological processes at this permafrost site. During autumn and winter At the Murtèl study site, the contact resistances were in the range 20 to 170 kohm.m in August and between 120 and > 500 kohm.m in winter (February) when the active layer was frozen. Unfortunately, contact resistances could not be recorded by the automated ERTM system during the onset of snowmelt, when a rapid decrease in contact resistances must be expected.
The talus slope of the Brüeltobel can be regarded as an extreme example of the evolution of contact resistances. Variability of contact resistance distribution is not solely influenced by seasonal variations, but additionally by the heterogeneous surface distribution, effecting high gradients of contact resistances between the slope sections. In the year-round unfrozen section 1 (cf. Fig. 7) , contact resistances remain below 5 kohm.m. Contact resistances in slope section 3, where the talus material is covered by a thick and moist organic layer, ranged from below 10 kohm.m in the summer half-year to several hundred kohm.m in high winter. Massive increases in contact resistances in winter are due to the high water storage capability of the organic material and the corresponding high ice contents in winter. Even though contact resistances were at times considerably high, ERTM results are considered reasonable. Seasonal changes in ground coupling are impossible to prevent in these cold and bouldery environments.
The presented results show that the choice of monitoring setup remains a question of the frozen ground related problem and of the site-specific geomorphological setting. Choosing electrode spacings between 1 and 2 m is a trade-off between resolving shallow active layer processes, screening frozen ground characteristics in the subsurface and, as far as possible, detecting the frozen ground base. Data from the 2 m set-up presented in case study III were capable of precisely detecting variability within the uppermost 4 m.
Due to the comparably low frozen ground thickness at the Brüeltobel site (case study II), the application of 1.8 m electrode spacing made possible to image the whole process-complex with active layer, frozen ground body, and permafrost base. However, the depth of investigation of the applied set-ups has to be taken into account to prevent overinterpretation of areas with low data coverage (e.g., Oldenburg and Li 1999; Marescot et al. 2003; Hilbich et al. 2009 ). Choice of array type for monitoring frozen ground related processes in alpine environments turned out to be first of all driven by the robustness of the array. Measurements using the dipole-dipole array in the Brüeltobel (case study II) showed that, especially in high winter and after periods with low precipitation in summer, no sufficient data quality could be achieved. In contrast, the Wenner array -as applied in all case studies -resulted in time-efficient and robust data acquisition throughout the year.
Quantitative approaches in permafrost studies for the interpretation of subsurface temperatures and permafrost characteristics were recently proposed by Hauck, Böttcher and Maurer (2011) , who estimate the volumetric content of rock, water, air and ice by the electrical resistivity and seismic velocity of the caused by snow weight, tumbling stones, avalanches, and -especially below the timberline -damage due to rodents, to name but a few, have to be considered when ERT monitoring is installed. To ensure that only resistivity variations in the subsurface are measured, it is of great importance to preclude changes in the conductivity of the monitoring set-up due to corrosion. Especially vulnerable to corrosion are contact surfaces that cannot be soldered (e.g., between cable and electrode). The use of waterimpermeable and electrically-insulating adhesive tape can be recommended. Repeatability tests did not point to systematically different results between the first and the following measurements as was reported for clayey environments (Peter-Borie et al. 2011) where polarization effects can occur. Potential damage and severe tension on the cable that may also lead to erroneous results was accounted for by using a casing.
Alpine permafrost sites are often characterized by loose talus material, which evokes high contact resistances and affects the current flow into the subsurface. With regards to year-round measurements, the conductivity of the near surface is seasonally highly variable. Freezing of the active layer causes a massive increase in contact resistances, while percolating meltwater strongly increases the conductivity. Precipitation or dry spells can cause short-term variations in contact resistances affecting the measurements.
The Muragl study site is characterized by fine-grained material, providing contact resistances between 3 and 40 kohm.m, rather low values for alpine permafrost sites. nach dem Bayerischen Eliteförderungsgesetz (BayEFG). During preparation of the ERTM equipment and installation, various support and comments were given by C. Marx, J. Schwindt and locksmithery H. Geiss (Saarbrücken, Germany), DENSOKOR Switzerland, and C. Fuß (Geolog). The authors gratefully acknowledge logistical support from Muottas Muragl and Corvatsch cable car, and numerous students throughout the years for field assistance. The valuable comments of two anonymous reviewers helped to improve the manuscript.
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